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S.1) Structure and Function of Beacon Caresystem

This section describes the structure of the Beacon Caresystem. Included is a brief description of mathematical models and the function of the system in providing advice on ventilator settings. Much of this supplementary material has been provided previously by the some of the authors of this work [1,2,3]. 

Mathematical models included in the CDSS
Figure S.1.1 illustrates the structure of the mathematical models, a full description having been published previously [4]. The system includes models of pulmonary gas exchange; respiratory mechanics; acid-base chemistry of blood, interstitial fluid, tissues and cerebral spinal fluid; respiratory drive and ventilation. In addition, the models include the effects of PEEP on gas exchange, pulmonary mechanics, and ventilation. Models are tuned to the individual patient’s data through measurement of respiratory gas flows and pressures; calorimetry and capnography measurements of respiratory gas fractions of O2 and CO2, and subsequent calculation of oxygen utilisation (VO2) and carbon dioxide production (VCO2); pulse oximetry measurement of arterial oxygen saturation; and arterial blood measurements of acid-base, oxygenation and haemoglobin fractions. The model of pulmonary gas exchange is tuned to the appropriate matching of ventilation and perfusion to account for O2 and CO2 differences between arterial and end tidal gas values. To do so an arterial blood gas (ABG) is required on system start up. In some patients, the system also requires modification of FIO2 to two levels for 2-5 minutes at each level to tune the pulmonary gas exchange model to the patient [5,6,7].  The respiratory mechanics model is tuned to dynamic compliance. The model of acid-base chemistry of the blood is tuned to measured values of arterial pH, PCO2, PO2, and SO2, and haemoglobin concentration, with the acid-base chemistry of the cerebrospinal fluid (CSF) regulated to arterial bicarbonate values to account for chemical changes in respiratory drive. The respiratory drive model is tuned to describe the relationship between alveolar ventilation (VA) and arterial acid-base and oxygenation status.  The ventilation model is tuned to the measured serial dead space (Vd) to allow calculation of alveolar ventilation. A series of algorithms are present to re-tune the models as new measurements present, or if the patient condition changes. These models are used to simulate the effect of changes in ventilator settings, with the system generating advice based upon simulated values. The mathematical models describing the response to changes in PEEP on pulmonary gas exchange and mechanics has been described in previous supplementary material [2].


Figure S.1.1- Physiological models included in the decision support system
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Figure S.1.1: Mathematical models included in the system, modified from [4]. Mathematical models are indicated by dashed boxes with the exception of the acid-base model of blood, which is illustrated as a beaker of blood in each blood compartment where it is used. Measured input values are indicated by solid boxes.


Ventilator advice
Advice is calculated by the system using the mathematical models tuned to the specific patient measurements, along with a set of clinical preference functions. These quantify and balance the negative outcomes of mechanical ventilation in a decision theoretic approach [8]. Model tuning, the clinical balances and the resulting advice screen are illustrated in figure S.1.2 as published previously [9]. The balances are between: over and under oxygenation; the risk of ventilator induced lung injury due to high pressures, respiratory rate or tidal volumes against the risk of acidosis with insufficient CO2 expiration; and for pressure support, the risk of respiratory muscle atrophy with over support against a stressful situation for the patient with excessive work of breathing for under support. Advice is provided in steps moving the patient toward ventilator settings which the system calculates as providing the minimum risk for the patient at that point in time. Following change of ventilator settings by the clinician, a period of 5–20 min is waited by the system to ensure the full effects of the ventilator changes are complete, and new advice is generated. If system calculations show no further changes can improve patient state then no further advice is given until patient state changes. In this way, the frequency of advice depends upon the stability of the patient and the difference between current and ‘optimal’ ventilator settings. Physiological models are re-tuned as the patient state changes and on measured response to changes in ventilator settings. 

Figure S.1.2 - Beacon Caresystem structure and advice screen
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Figure S.1.2 – Inputs from blood gas measurements, indirect calorimetry and volumetry caponography and pulse oximetry are used to individualise physiological models. Systems advice and model suimulations are ilutrated on the screen insert, see [9] for details. Modified from [9].

S.2) Study outcome calculations

The following text described the calculation of study outcomes where not directly measured. 

Primary outcome

Driving pressure. For all patients, continuous measurements of pressure were measured at the t-tube by the Beacon Caresystem. Driving pressure was calculated as illustrated in figure S.2.1. For breaths including an inspiratory pause, plateau pressure was calculated from the last second of the pause period, and driving pressure calculated as the difference between this and PEEP identified from the eventual expiratory plateau. 

Figure S.2.1 – an example of calculation of driving pressure.
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Figure S.2.1 – Pressure measurements during a single breath hold, illustrating inspiratpry plateau (blue cross) and expirapty plateau (bottom red line). Driving pressure is calculated as the difference between these.

Secondary outcomes

Breath by Breath Driving pressure. A value of driving pressure was also calculated for every breath in mandatory mode in the same way as illustrated in figure S.2.1. This was performed to allow comparison over all breaths between study groups, with driving pressure values typically higher than those from inspiratory pauses due to incomplete equilibrium amongst lung compartments with different time constants. 

Breath by Breath mechanical power: For each value of driving pressure values were calculated for mechanical power (MP) using the simplified form of Gattinoni et al (10) , i.e.  
MP = 0.098 *RR *Vt* (Peak –(0.5*(Pplat-PEEP)))
To do so the corresponding Peak pressure was identified from the pressure waveform. In addition, flow waveforms were integrated to obtain tidal volume (Vt).

Oxygenation index: A value of the oxygenation index was calculated according to the following formula 


Oxygenation index 

Where mean airway pressure (PAW) was calculated for volume and pressure modes according to Hess (11) as 
PAW =  0.5*(PIP - PEEP)*(TI/Ttot) + PEEP : For volume modes, and 
PAW  = (PIP - PEEP)*(TI/Ttot) + PEEP : For pressure modes
Values were calculated at each morning on measurement of PaO2 from the first morning blood sample, with all other data recorded from the Beacon Caresystem at that time. Average values were calculated per patient for both mandatory and support mode ventilation.

Ventilatory ratio: 
Ventilatory ratio was calculated using the following formula

Ventilatory Ratio 

Values were calculated at each morning on measurement of PaCO2 from the first morning blood sample, with all other data recorded from the Beacon Caresystem at that time, apart from predicted body weight which was recorded for each patient at the start of the protocol. Average values were calculated per patient for both mandatory and support mode ventilation.

Time from control mode to support mode: All changes in mode were recorded automatically by the Beacon Caresystem. A change from control to support mode was defined as a mode change to support mode which was maintained for a period of more than 30 minutes.

Number of changes in ventilator settings per day: All changes in ventilator settings were recorded automatically by the Beacon Caresystem, and cumulative counts obtained per day pr setting. 

% of time in control mode ventilation: Mode was automatically collected per minute for the complete duration by the Beacon Caresystem, allowing calculation of the total and percentage time spent in control mode.
% of time in support mode ventilation: Mode was automatically collected per minute for the complete duration by the Beacon Caresystem, allowing calculation of the total and percentage time spent in support mode.
Duration of mechanical ventilation: Values of intubation and extubation times were recorded in the electronic case report form. 
Tidal volume measured, Control: Average minute by minute values of tidal volume were recorded automatically by the Beacon Caresystem and used to calculate the average tidal volume used per patient when in mandatory modes. 
Tidal volume measured, Support: Average minute by minute values of tidal volume were recorded automatically by the Beacon Caresystem and used to calculate the average tidal volume used per patient when in spontaneous modes.
PEEP setting: Average values of PEEP set on the ventilator were recorded automatically by the Beacon Caresystem. 
Device related adverse event rate (per day): Adverse events were recorded in the electronic case report form as specified in the trial protocol (1).
Subjects with re-intubation events: Re-intubation was recorded in the electronic case report form.

In addition to the secondary outcomes described above, patient mortality was recoded in the electronic case report form, and an analysis of safety performed from continuous measurements recorded by the Beacon Caresystem. This included:
Oxygenation safety: An analysis of the duration of time spent with an SpO2 < 88% was recorded per patient. 
Hypercapnia safety:  An analysis of the duration of time spent with an end tidal CO2 level > 7 kPa  was recorded per patient.
Ventilation over-support: An analysis was performed of the time spent with a respiratory frequency lower than 12 breaths per minute in support mode ventilation, where 12 breath per minute has previously been indicated as a threshold for over support (12).
Ventilation under-support: An analysis was performed of the time spent with a rapid shallow breathing index > 100 breaths/min L, indicative of under-support. 

  






S.3) Data collection from the Beacon Caresystem.

The system includes a tablet computer, plus a gas module including volumetric capnography and indirect
calorimetry, with both mounted on the ventilator or a separate trolley. The patient is connected to the
system via a respiratory tube measuring flow and with side stream sampling for measurement of O2 and
[bookmark: _Hlk92110225]CO2. The system is also connected to the ventilator data output to allow for recoding of ventilation settings and changes and ventilator mode. 
The following physiologic data were collected from the measurements taken by the BC, and saved as averages over a 1 minute duration for the full duration. Data was saved as spreadsheets including 1440 rows, one per minute, for each day of ventilation. 
SpO2 – Pulse oximetry oxygen saturation (%).
FetO2 – End tidal oxygen fraction.
FetCO2 – End tidal CO2 fration.
VO2 - Oxygen consumption (l/min)
VCO2 – Carbon dioxide production (l/min)
Rf – measured respiratory frequency.
Vt – measured tidal volume (l)
Vd – Anatomical dead space estimated from volumetric capnography (l).
Pplat – Measured plateau pressure (cmH2O).
Comp – Respiratory system compliance (l/cmH2O)  
RSBI – Rapid shallow breathing index (Rf/Vt) (breaths/l)
RSBIWA – Weight adjusted RSBI (breaths/l/kg)
MV – minute volume (l/min)
VA – alveolar minute volume (l/min)
EE – energy expenditure (kcal/min) 
FIO2Set – Ventilator set inspired oxygen fraction.
VtSet – Ventilator set tidal volume (l)
PCSet – Ventilator set pressure control level (cmH2O)
RfSet – Ventilator set respiratory frequency.
IESet – Ventilator set Inspiratory:Expiratory ratio 
PEEPset – Ventilator set positive end expiratory pressure.

In addition to values recorded on a minute by minute basis, values from arterial blood gas input into the BC were recorded, these included SaO2, PaO2, PaCO2 pH, BE, Hb, FMetHb, and FCOHb. Cardiac output values were either entered into the system, or estimated from IBW. 
Ventilator mode – This was saved for both the mode reported by the ventilator, and that interpreted by the BC depending on the patient’s breathing pattern.
In addition, pressure, flow, oxygenation and carbon dioxide waveforms were measured from the same recording sensors with a frequency of 50 Hz.  

The following recordings were taken from the BC to analyse use of the system advice as described in section S.4 of this document. These variables describe the state of the system at any time point, and if advice presents the values of ventilator setting for this advice. The variables recorded are:


System status variables
· Advice provided, awaiting response.
· Patient not in steady state.
· ABG request provided, awaiting response.
· Typing in ABG.
· Performing ALPE.
· System paused, physiotherapy etc.
· Unsupported ventilator mode.
· Waiting, poor signal.
· Systems alarm status.

Advice variables
· FIO2 advice
· Rf advice
· Pressure advice
· Vt advice
· PEEP advice
· Advice bounds exceeded
· Change mode advice






S.4) Evaluation of advice use.

Recording the time periods and nature of advice provided by the Beacon Caresystem along with the changes in ventilator settings allowed evaluation of how often advice was followed. To do so required definition of the different types of advice, along with definition of following or not following an advice. These definitions are provided here with the subsequent evaluation provided in table 5 of the main paper.
An advice was evaluated as “actionable” if it suggested changing ventilator settings from current conditions. The Beacon Caresystem provides advice to remain at current conditions and these were not defined as “actionable”. In addition, the system can provide advice on a subset of ventilator settings, for example FIO2 alone, with other settings suggested to remain as is. In this case only the specific setting is considered actionable. The function of the BC means that the patient is evaluated every minute. Advice calculated to be the same from minute to minute is not presented to the user every minute, and therefore counts as a single advice. 
For “actionable” advice the following possibilities were defined
Followed: An advice is considered followed if acted upon within a 2 hour window of being presented. Advice is considered followed if the setting is adjusted in the same direction as the advice. If the advice includes changing two settings, for example both tidal volume and respiratory rate, then the advice is only considered followed if both are changed in the correct direction within this duration. 
Not acted on: An advice is considered not acted on if the 2 hour window is exceeded without any ventilator change.
Settings different than advised: this situation is considered true if ventilator settings are changed in a different direction to those advised within the 2 hour window. If advice includes changing two settings, and only one is changed within the time window this is classified as Settings different than advised.  The logic of this decision is that if advice suggests decreasing tidal volume but increasing respiratory rate, then only decreasing tidal volume is not a similar clinical intervention. The same applies for a combination of FIO2 and PEEP advice.
Remain: Occasionally an advice to change settings is changed to an advice to remain at current settings during the 2hr window, thus becoming non-actionable. In this case the advice is classified as Remain and not evaluated as part of actionable advice.
Cancelled: If following advice a ventilator clinical event – extubation or mode change- occurs within the 2 hour window then the advice is considered no longer actionable and not evaluated as part of actionable advice.
Four types of advice were considered
1) Oxygen – This is advice in any ventilator mode on FIO2, PEEP or a combination of these settings.  
2) Pressure control – In pressure control mode advice can be for pressure level, respiratory frequency or a combination of these two settings. 
3) Volume control – In volume control mode advice can be for tidal volume, respiratory frequency, or a combination of these two settings. 
4) Pressure support – This is defined as advice on PS alone.
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